Destruction and degradation of biogenic nursery habitats, such as seagrass and coral/ oyster/polychaete reefs, threaten coastal fisheries worldwide. We tested the hypothesis that macroalgae and epifauna growing upwards from protective plastic mesh used in bottom clam culture substitutes for seagrass as a nursery habitat for mobile invertebrates and juvenile fish. By quantifying biomass of epibiota in each season and by seining both day and night on 11 occasions from August 1997 to April 1999, biogenic habitat structure and habitat use by mobile invertebrates and juvenile fishes were quantified on hard clam Mercenaria mercenaria aquaculture leases that were using 2 alternative grow-out methods and on 2 natural habitats, a seagrass bed (Zostera marina and Halodule wrightii) and an unstructured sandflat. The macroalgal/epifaunal biomass per unit bottom area was significantly greater on aquaculture mesh than on the sandflat but did not differ significantly from the natural seagrass biomass density on most sampling dates. Community structure of mobile invertebrates and juvenile fishes utilizing clam leases was more similar to that of seagrass than sandflat habitats. Community similarity among the structured habitats, the seagrass and the 2 lease types, was greater than the similarity between night and day within any given habitat. The total numbers of mobile invertebrates summed over all 11 dates were 75 times greater in the seagrass than in the sandflat habitat, whereas the structural habitat provided by epibiota attached to bottom mesh on leases provided a 44-fold enhancement of invertebrates over the corresponding counts on unstructured sandflat. Utilization by juvenile fishes was 3 times greater in seagrass and 3 to 7 times greater in epibiota on mesh in clam leases than on sandflat habitat. For example, juvenile reef fishes exhibited almost equal utilization of epibiota on leases and seagrass while remaining absent over the sandflat, which lacked emergent structure. Thus, the biogenic habitat provided largely by macroalgal growth on protective bottom mesh of clam leases supports elevated densities of mobile invertebrates and juvenile fishes similar to that of natural seagrass habitat, thereby representing a previously undocumented ecosystem benefit of bivalve aquaculture. This ecological role for structural habitat rising above clam aquaculture leases is consistent with a broader recognition that artificial reefs, plastic seagrass, oyster shell mounds, and other emergent bottom structures provide habitat services.
INTRODUCTION
Worldwide, extractive fishing is responsible both for collateral damage to estuarine and coastal seafloor habitats from bottom-disturbing gear and practices (Jennings & Kaiser 1998 , Tegner & Dayton 1999 ) and for depletion of many targeted and untargeted species, especially larger animals at higher trophic levels (Pauly et al. 1998) . In principle, well designed and managed aquaculture could serve growing world demand for seafood products without the attendant widespread degradation of natural seafloor habitats from dredges and trawls and without negative ecosystem consequences arising from over-exploiting natural stocks. In practice, however, aquaculture has been shown to have induced its own serious environmental impacts, including coastal habitat destruction where marshes and mangroves are allowed to be converted into culture pens (Silvert & Sowles 1996) and where organic wastes from high-density culture operations fall to the bottom and induce anoxia during their microbial degradation (Paez-Osuna et al. 1998) . In addition, because many aquaculture operations target predatory crustaceans and fishes and the necessary protein sources for feed are often most efficiently obtained by extracting bait fishes from natural ecosystems, aquaculture also can have negative impacts on natural coastal ecosystems from over-exploitation of these smaller forage species (Goldburg & Triplett 1997 , Naylor et al. 2000 .
One solution suggested to solve the problem of potentially unsustainable extraction of forage fishes to feed predatory crustaceans and fishes is to promote aquaculture of organisms at lower trophic levels, specifically macroalgae, sea urchins, sea cucumbers, and bivalves , which may often provide positive ecosystem services (Jackson et al. 2001) . Both macroalgae and suspension-feeding bivalves have potential to counteract (e.g. Newell 2004 ) some of the consequences of perhaps the most insidious type of estuarine and coastal ocean ecosystem degradation, eutrophication (Nixon 1995) . Macroalgae assimilate inorganic nutrients and can thereby help limit the system-degrading microalgal blooms that result from excess nutrient loading by a range of human activities (Paerl et al. 1998) . Bivalve aquaculture, a process by which juveniles of suspension-feeding species are grown to market size in the estuary or coastal ocean (typically by using some form of predator protection such as mesh nets or cages; Kraeuter et al. 1998) , can also help control excess growth of these microalgae through direct grazing. Such interactions between trophic levels constitute the ecosystem basis for sustainable polyculture (Folke & Kautsky 1989) , in which potentially problematic production of inorganic nutrients or algae are transformed into a nutritional benefit for one or more partner species.
Although bivalve aquaculture requires consideration of the water body's carrying capacity for both provisioning of food and processing of wastes so as to avoid ecosystem degradation, bivalves can provide several positive ecosystem services (Goldburg & Triplett 1997 , Lenihan & Peterson 1998 , Newell 2004 ) that can be promoted through aquaculture. Deposition of fecal and pseudofecal materials can induce denitrification, thereby converting excessive loads of inorganic N nutrients to inert nitrogen gas (Newell 2004) , although overloading by such biodeposits can cause oxygen depletion if culture densities exceed the system's carrying capacity for organic loading. Water filtration of suspension-feeding bivalves feeding in shallow embayments can reduce turbidity (Alpine & Cloern 1992 ), a water-quality parameter that is unnaturally elevated by both sedimentation from land development (Cooper & Brush 1993) and eutrophication (Paerl et al. 1998) . Reduction of turbidity can in turn promote growth of seagrasses, thus indirectly enhancing a limited nursery habitat in coastal systems (Newell & Koch 2004) . Bivalve aquaculture operations also indirectly provide biogenic habitat in the form of macroalgae and epifauna growing on mesh devices used to contain and protect the juvenile bivalves. Although the habitat benefits of such epibiotic growth on aquaculture mesh have not yet been documented (and algal proliferation could be so dense as to induce anoxia during decomposition in stagnant water : Thrush 1986) , the importance of macroalgal habitat, including within seagrass beds, as nurseries for mobile invertebrates and juvenile fishes (Bell et al. 1995 , Guidetti 2000 suggests that this created habitat may help replace the services of declining natural vegetation. Engineered hard structures in marine environments have already been shown to provide analogous habitat augmentation: pilings of docks, ship wrecks, artificial reefs, plastic seagrass, and oil-andgas platforms are colonized by diverse communities of invertebrates and used by numerous fishes and other mobile organisms (Bell et al. 1985 , Hay & Sutherland 1988 , Love et al. 2005 ).
Here we assess the degree to which protective netting used in estuarine bivalve aquaculture provides useful biogenic habitat for juvenile fishes and mobile invertebrates by serving as substratum for macroalgal and epifaunal growth. We employ field sampling designed to evaluate the relative degree to which active clam leases serve as nursery habitat by quantifying (1) biogenic structure, and (2) habitat utilization by mobile invertebrates and juvenile fish. By comparing use of structured habitat facilitated by the presence of bottom netting with use of naturally occurring sandflat (largely unstructured) and seagrass (vertically structured) habitats, we test whether mobile invertebrate and juvenile fish communities are enhanced through indirect consequences of installing bottom netting on originally unstructured sandflat habitat and how closely they resemble the naturally structured seagrass communities. We also contrast 2 clam grow-out methods differing in predator-exclusion strategy: an open lease consisting solely of clam plots covered by bottom mesh, and a fenced lease where identically mesh-covered clam plots are also enclosed by a vertically oriented predator-exclusion fence.
MATERIALS AND METHODS
Study design. The sampling sites required to make our intended contrasts were established in conjunction with a clam grow-out lease operated by Carolina Cultured Shellfish. The lease covered subtidal bottom within a shallow (from 0.2 m at low to 1.5 m at high tide) embayment along the margin of Westmouth Bay on the north side of Harkers Island, Carteret County, NC, USA (Fig. 1) . Although clam aquaculture operations also exist at other locations within North Carolina estuaries, we limited our study to Westmouth Bay because only this was large enough to present a unique opportunity of comparing leased areas to sandflat and seagrass habitats within the same embayment. Despite this limitation to a single bay, the large area encompassed (~0.5 to 1 km 2 ) by each of the 4 habitat types was sufficient for replicate subsamples to be distributed over wide areas, thereby reflecting a range of variation within each habitat and achieving a large measure of independence. The 4 habitat types were non-contiguous, separated by ~500 to 1000 m, and located more than 100 m from the shoreline or any other vegetated or structured habitat. The leased sites were of 2 types, open and fenced. The open lease consisted of a sandflat modified by establishment of 50 to 60 clam plots (each 3.6 × 8 m), containing multiple 6 mm polypropylene mesh bags stocked with clams at a range of standard culture densities, all covered by 12 mm polypropylene mesh. The finer mesh was needed to retain the seed clams when they were first planted in March, but it was deemed insufficient protection from blue crabs, so the coarser mesh was added on top. Mesh remained in place from March 1997 until harvesting of the enclosed clams, which occurred after termination of our sampling (typically about 3 yr in this area). No mesh cleaning was done in this operation because of concerns over labor costs and absence of evidence for need of intervention during grow-out to sustain clam growth and survival. The fenced lease had an identical arrangement of clam plots and meshes on the bottom but was additionally surrounded by a 5 cm mesh fence that extended from below the sediment surface to an elevation that projected above the water surface. The fence was designed to exclude seasonally migrating cownose rays Rhinoptera bonasus, which can consume large numbers of bivalves and apparently target high-density shellfish beds (Peterson et al. 2001) . The seagrass habitat consisted of a mixture of eelgrass Zostera marina and shoal grass Halodule wrightii, whereas the sandflat habitat was an homogeneous unvegetated plain. Water depth did not differ across the 4 habitat types.
Comparison of habitat structure. To determine the degree to which each habitat type provided emergent biogenic structure that might serve as habitat for mobile invertebrates and juvenile fish, we quantified the biomass of all epibiota within the 4 habitat types (fenced lease, open lease, seagrass, sandflat) every 3 mo so as to sample each of the 4 seasons (October 1997 and January, April, and June 1998) . Biogenic material consisted of seagrass, the attached fouling community (comprised largely of macroalgae but also including some erect epifauna), and seasonally varying associated drift algae.
Biogenic biomass was collected by first anchoring a 10 × 10 cm quadrat to the substrate surface. A buoyant 1 mm mesh enclosure was attached to the quadrat to prevent loss of materials during sampling. A Venturi vacuum pump with a 5 cm diameter intake hose was then inserted through an opening in the top of the mesh enclosure and all epibiota was vacuumed into a 1 mm mesh bag, gently washed, and preserved in 10% formalin. This device had been shown to be effective in extracting all seagrass in previous work (e.g. Peterson et al. 1987) and was found to sample even the more delicate epifauna like erect bryozoans without loss of fragments through the mesh. In clam leases, the quadrat was placed on the mesh clam bags such that all macroalgae and epifauna could be effectively extracted. On each sampling date, we sampled 3 quadrats within each of 3 randomly selected meshcovered clam plots at each lease site. Three quadrats were also collected within 3 randomly established 3. seagrass and sandflat habitats to maintain comparable sampling designs. The contents of the 3 quadrats in each plot or area were treated as subsamples and averaged to form 1 of the 3 replicate samples per treatment × season combination. In the seagrass habitat, any remaining seagrass (including roots and rhizomes) within the quadrat was extracted by hand after suctionsampling. The sandflat habitat occasionally contained attached macroalgal or epifaunal growth on scattered shells, which was also quantified by our sampling process. In the laboratory, biogenic material was separated from any sand or shell, dried at 80°C for 24 h, and the aggregate weighed and converted to g dry wt m -2 . Quantification of habitat use by mobile invertebrates and juvenile fishes. We conducted both day and night seine surveys in 11 mo (August, September, October 1997; January, April, June, October, December 1998; February, March, April 1999) to evaluate the use of each habitat type by mobile invertebrates and (predominantly) juvenile fishes. The seine was 4 m wide × 1.2 m tall with an attached 1.2 × 1.2 m center mesh bag of 3 mm delta-mesh. Six replicate sampling sites were randomly established and marked with temporary PVC posts within each habitat type 24 h prior to each sampling period. At each sampling site, a 9 m distance was seined on a rising tide during the day and again at night at new locations. At the end of each seine haul animals were trapped by bringing each wing of the seine together to form a circle. All contents were then forced into the bag of the seine, collected, and preserved with 10% formalin for later identification and quantification. Fish and decapod invertebrates were counted and identified to species, and remaining invertebrates (e.g. mud crabs, grass shrimp) were also identified to species, except when juvenile (then to genus). Data analyses. ANOVA was used to compare habitat structure (defined as biomass of biogenic structural habitat) among the 4 habitat types. We used Statview Version 5.0 (SAS Institute) software to perform a 2-way factorial ANOVA on the aggregate biogenic g dry weight m -2 to test for variation of habitat structure among seasons (fixed factor: fall 1997, winter, spring, and summer 1998), habitat types (fixed factor: fenced lease, open lease, seagrass, sandflat), and their interaction. Cochran's C-test was performed prior to ANOVA to test for homogeneity of variances (α = 0.05); Ln (x + 1)transformation was applied to meet this assumption. When the interaction between season and habitat proved significant, post hoc contrasts of habitat means within each season were performed using the Student-Neuman-Keuls (SNK) test (after Day & Quinn 1989) .
We evaluated similarities in the multivariate assemblages of mobile invertebrates and juvenile fishes collected during day and night seine surveys among the 4 habitat types by conducting non-metric multidimen-sional scaling (nMDS) using PRIMER Version 5 software (Clarke & Warwick 2001) . All 8 habitat × time groupings were compared: fenced lease-day, fenced lease-night, open lease-day, open lease-night, seagrass-day, seagrass-night, sandflat -day, sandflatnight. Abundance data for each taxon were averaged by sampling date for each habitat × time grouping and ordinations were done on centroids of these untransformed means using the 11 replicate dates. Bray-Curtis measures of dissimilarity were applied to quantify and prepare 2-dimensional plots of the differences among assemblages.
In comparing abundances of mobile invertebrates and juvenile fishes among the 4 habitat types, we first analyzed total mobile invertebrates and then total fishes. To examine more specific patterns of habitat use and facilitate the application of our results to fisheries, we subdivided these 2 broad categories. Specifically, we divided invertebrates into 2 assemblages (Table 1) based on whether a taxon was a target of fishing. The unexploited invertebrate assemblage included small epibenthic taxa, such as decapod shrimps and mud crabs. The fished invertebrate assemblage included penaeid shrimps, blue crabs, and Florida stone crabs. We subdivided the fish into 6 assemblages (Table 1) based on a combination of factors including relative abundance, fisheries management considerations, and selected life-history traits. Pinfish Lagodon rhomboides were placed into a single group because their abundance was high enough to mask signals from other group members. Sciaenids and reef fishes were placed into 2 separate groups because of their fisheries significance. The reef fishes constituted species that live as adults largely on off-shore reefs, although adults of some species like sheepshead also occupy estuarine oyster reef habitat. Pelagic fishes formed a separate group because they were least likely to have a close association with benthic habitats. The remaining taxa were separated into benthic transients (whose juvenile and adult habitats do not entirely overlap) and benthic residents (who spend the vast majority of their life within a single habitat).
We used Statview Version 5.0 software to conduct 3-way factorial ANOVAs to test the effects of sampling date (fixed factor: 11 sampling dates approximately every 2 mo from August 1997 to April 1999), habitat type (fixed factor: fenced lease, open lease, seagrass, sandflat), sampling time (fixed factor: day, night), and their 3-and 2-way interactions on the untransformed mean densities for the 10 groupings (total invertebrates, total fish, 2 invertebrate assemblages and 6 fish assemblages). Because one could argue that day-and night-time abundances are not independent and because most higher-order interactions involving sampling time were statistically significant, we next analy-zed day and night catches separately using analogous 2-way factorial ANOVAs. Prior to all 3-and 2-factor ANOVAs, we performed Cochran's C-tests for homogeneity of variances, finding that transformations were unnecessary to meet this assumption of ANOVA. Consistent with serious concerns over the highly conservative nature of Bonferroni and other adjustments of alpha to address the rate of false discovery in applying multiple tests (e.g., Quinn & Keough 2002) , we present p-values without modification for having tested 10 assemblages by day and night. For all 2-way ANOVAs, post hoc contrasts of main effects were performed using SNK tests (Day & Quinn 1989) . Where the interaction between sampling date and habitat proved statistically significant, multiple comparisons of habitat means within each date were also performed using the SNK procedure, which applies experiment-wise significance levels on the assumption of use of the full suite of paired contrasts. Using the results of pair-wise post hoc contrasts for each sampling date, we compiled an overall summarization of habitat contrasts over all dates for each assemblage. We first examined the out- For each assemblage, we then characterized overall relationships between habitats by reporting contrast outcomes that occurred on a majority of dates.
RESULTS

Emergent biogenic habitat
The polypropylene meshes enclosing and covering the clams on leases supported abundant macroalgal and attached epifaunal growth across all seasons. Although the mesh netting, which along with seed clams was installed clean in March 1997, remained undisturbed until after our last sampling in April 1999, no compelling pattern of temporally increasing biomass of epibiota is evident in our sampling results (Fig. 2) . The taxa of the mostly attached (but also occasional drift) macroalgae included (in order of relative contribution to biomass) Codium spp., Dictyota dichotoma, Enteromorpha spp., Fucus vesiculosus, Padina gymnospora, Ulva spp., Gracilaria tikvahiae, Hypnea musciformis, and Sargassum filipendula. Macroalgae dominated (> 85%) the dry weight of biogenic structural habitat material on the lease habitats, which included only small quantities of attached epifauna (5 to 15%), consisting mostly of sessile, long-lived taxa such as the bryozoans Amathia spp. and Bugula neritina, the tunicate Styela plicata, and the sea whip Leptogorgia virgulata. The macroalgae and epifauna formed an irregular, 5 to 30 cm high canopy over the polypropylene mesh; this was similar to blade heights observed in the seagrass habitat. Biogenic biomass in the seagrass habitat was dominated (> 90%) by eelgrass Zostera marina and shoal grass Halodule wrightii, with smaller amounts (5 to 10%) of attached epifauna and seasonal drift algae. The mean dry weight of total biogenic biomass varied from 459 g m -2 in summer 1998 to 1678 g m -2 in spring 1998 in the fenced lease, and from 437 g m -2 in fall 1997 to 842 g m -2 in spring 1998 in the open lease habitat (Fig. 2) . In the seagrass habitat, mean biogenic dry weight ranged from 813 g m -2 in spring 1998 to 1996 g m -2 in winter 1998. The mean dry weight of biogenic material in the sandflat habitat remained low, ranging from 0 g m -2 in fall 1997 to 136 g m -2 in winter 1998.
The mean biomass of dried biogenic materials exhibited very highly significant (p < 0.001) variation with season, habitat type, and their interaction (Table  2) . Despite the interaction, pairs of habitat types demonstrated a temporally consistent pattern (Fig. 2 ) of greater biogenic biomass in seagrass and in fenced and open leases than in the sandflat (significant in 4 of 4 seasons for seagrass and the fenced lease habitats and 3 of 4 seasons for the open lease). Biogenic biomass did not differ between seagrass and the fenced lease in any season or between seagrass and the open lease for 3 of 4 seasons. On average, however, the biomass of biogenic materials on the leases was only 55% of that of in seagrass habitat. Contrasts between lease types showed no difference in 3 of 4 seasons, although in one season (fall 1997) the fenced lease contained higher biogenic biomass than the open lease. Biomass of the biogenic structural habitat materials was lower in spring than in fall or winter for the seagrass habitat and higher in spring than in summer for the fenced lease, whereas no contrast was significant (p < 0.05) for the open lease. The sandflat habitat had its greatest biogenic habitat biomass in winter and none in fall, with summer and spring at intermediate levels significantly different from both other seasons (Fig. 2) .
Habitat use by mobile invertebrates and juvenile fishes
General patterns
We collected 48 225 mobile invertebrates and 41 656 fish in a total of 520 seine hauls (11 sampling dates × 4 habitats × 2 diel periods × 6 replicates = 528 collected, 8 were lost), half at night and half during the day. Assemblages were defined by grouping taxa (Table 1) , using finer taxonomic discrimination (species level) and functional groupings for the fishes, which were the primary focus of this study. Among the invertebrates (54% of the total catch), unexploited invertebrates comprised 49% and fished invertebrates 5% of the totals. Among the fishes (46% of the total catch), pinfish were the most abundant species and 'assemblage' (27% of total catch), followed by sciaenids (15%), pelagics (2%), reef fishes, defined by adult habitat association (1%), benthic transients (<1%), and benthic residents (<1%). We identified 73 invertebrate and fish taxa from the combined day and night seine surveys, with cumulative taxonomic richness highest in the open lease (65) and seagrass (65), followed by fenced lease (53) and sandflat (40) habitats. Average numbers of invertebrates per seine haul were highest in seagrass with 334 (46% of the total), followed by the fenced lease with 208 (27%) and the open lease with 188 (26%), each of which was dramatically higher than the sandflat with 4 (<1%) (Fig. 3a) . The average numbers of fish captured per seine haul were highest in the open lease at 286 (45%), followed by seagrass at 168 (27%), fenced lease at 140 (22%), and sandflat at 38 (6%) (Fig. 3b ).
Patterns of community composition
The nMDS ordination based upon average abundances of all taxa in the 8 habitat × time groupings indicated a high degree of similarity in composition of the community of juvenile fishes and mobile invertebrates among the 3 structured habitats, all of which differed from the 2 sandflat points (Fig. 4) . Within each habitat, day and night differed in community composition. The day-night difference was similar in both magnitude and direction in the bivariate plot for each of the 3 structured habitats. However, the composition of the community changed much more between night Table 3 for results of statistical analysis) and day on the sandflat and changed in the opposite direction from the diel shift exhibited by all 3 structured habitats (Fig. 4) . The groups most responsible for the diel dichotomy on the sandflat were sciaenids (dominated by spot), but also included pelagics (mostly anchovies and silversides), pinfish, and fished invertebrates (mostly penaeid shrimps, blue crab). In structured habitats, the unexploited invertebrates contributed most to the relatively modest diel change in community composition, with sciaenids involved to a lesser degree.
Analysis of density patterns
Total densities of both mobile invertebrates and of juvenile fishes captured by seining revealed highly significant (p < 0.01) variation with sampling date, habitat type, sampling time, and all their interactions (Table 3) . Likewise, most 3-way (date × habitat × time) and many 2-way interactions were also highly significant in analyses of each of the 8 taxonomic/functional assemblages (Table 3) . Without exception, total numbers of mobile invertebrates and of juvenile fishes increased from day to night in each habitat and did so in a fashion that largely preserved the pattern of differences among habitats, despite the significant 3-way interactions (Fig. 3) . Subsequent 2-factor ANO-VAs done separately for day (Table 4 ) and night (Table 5 ) demonstrated highly significant effects of sampling date, habitat type, and their interaction for both total invertebrate and total fish densities, as well as for most of the 8 assemblages, resulting in the need to compare habitats on each sampling date.
Synthesizing the results of the SNK contrasts from each sampling date to establish general patterns among habitats in mobile invertebrate and juvenile fish use showed that only trivial differences existed between day (Table 4 ) and night ( Table 5 ) in patterns of habitat use. The habitat use pattern for total invertebrates was identical for day and night, but for total fish one difference emerged. Total fish abundance did not differ between the 2 lease habitats during the day (Table 4) but was significantly higher in the open than in the fenced lease at night (Table 5) , and their interactions on the densities of each of 10 taxonomic/functional assemblages sampled by 6 replicate seine hauls per treatment combination. Means for total invertebrates and total fish are pooled across dates by day and by night in Fig. 3 and by sampling date at night in Figs. 5 (invertebrates) or 6 (fish) with only 4 minor changes. First, fished invertebrate abundance was similar among all habitat types during the day (Table 4) , but higher at night in the seagrass than in the sandflat and fenced lease habitats (Table  5) . Second, pinfish abundance was not higher on the fenced lease than in the sandflat habitats during the day, but was so at night, thereby rendering use of all 3 structured habitats greater than that of the sandflat at night. Third, sciaenids utilized all habitats equally during the day, but were found in greater abundance in the open lease than in all other habitats at night. Fourth, no consistent difference was found for benthic resident fishes among all habitats during the day, but their abundances at night were significantly greater in the open lease than in the sandflat habitats. Because of the day/night similarity in general patterns of habitat use, we confine our detailed presentation of habitat patterns to the nighttime surveys, when most of both mobile invertebrates (79%) and fishes (61%) were captured and risk of bias from the possible effects of habitatdependent net avoidance was lower.
Although differences existed among dates in habitat use for both total invertebrates and total fish (producing the significant interactions between sampling date and habitat type), post hoc contrasts among habitats for each sampling date uncovered 3 repeatable patterns in nocturnal habitat use (Table 5) . First, on no date did the sandflat possess significantly higher densities of mobile invertebrates (Fig. 5 ) or juvenile fishes (Fig. 6 ) than any of the structured habitats (seagrass, fenced and open leases). On a majority of dates, densities on the sandflat were significantly lower than on each structured habitat, except for the contrast with the fenced lease habitat for fish, where only 3 of the 10 mo of lower fish catches on the sandflat were significant (Fig. 6) . Second, densities of mobile invertebrates (Fig. 5) and fishes (Fig. 6) in seagrass failed to exceed levels on the 2 lease habitats on most dates. Seagrass habitat ranked significantly higher than both lease habitats only 3 times for total invertebrate density and only twice for total fish density. For total fish, the seagrass habitat actually ranked significantly below the open lease on 4 dates and below the fenced lease on 2 dates (Fig. 6) . Third, the 2 lease types did not differ from one another in a consistent fashion. For mobile invertebrates, no difference emerged on most dates and when differences were detected the fenced lease ranked higher 4 times, while the and their interaction on densities of each of 10 taxonomic/functional assemblages sampled by daytime seining using 6 replicate hauls per treatment combination. This post hoc summary shows patterns of all habitat differences in pair-wise Student-Neuman-Keuls (SNK) contrasts detected as significant on a majority of dates. Habitat types are listed from left to right in order of decreasing density and lines connect treatments that do not differ significantly on the majority of dates; -: no post-hoc tests of habitat differences performed because of lack of habitat effects in the ANOVA reverse occurred only once (Fig. 5 ). However, for total fish, the open lease had significantly higher densities on all 7 of the sampling dates when the leases differed (Fig. 6) . Both of the invertebrate and 5 of the 6 fish assemblages sampled at night exhibited highly significant sampling date, habitat type, and date × habitat interaction effects (Table 5 ). Only benthic transient fishes lacked main and interactive effects of habitat type. Unexploited invertebrates had an identical pattern to total invertebrates, with densities higher in structured habitats than on the sandflat and no consistent difference of occupation among structured habitats on a majority of sampling dates (Fig. 5 ). Fished invertebrates exhibited significantly higher densities in the seagrass than on both the sandflat and the fenced lease on each date and these latter 3 habitats did not differ from one another on a majority of dates (Fig. 5) . Analyses of the pinfish revealed no density differences among the 3 structured habitats, with each significantly higher than the sandflat on a majority of dates (Fig. 6) . Sciaenids were significantly more abundant in the open lease than in all other habitats on most dates, with no consistent differences among these 3 habitat types. Pelagics showed no consistent pattern of preferential habitat occupation. Reef fishes displayed significantly higher densities in the 3 structured habitats than on the sandflat and no significant differences among structured habitats on the majority of sampling dates. The subset of reef fishes recognized by the US National Marine Fisheries Service as currently or recently overfished (gray snapper, gag grouper, tautog, mahogany snapper, black sea bass) utilized only the lease habitats (41 individuals) and the seagrass (27 individuals). Finally, benthic resident fishes were significantly more abundant on the open lease than in the sandflat habitat on a majority of dates.
DISCUSSION
Our study of the habitat value of epibiota attached to bivalve aquaculture netting demonstrated that the plastic bottom mesh containing and covering hard clams Mercenaria mercenaria on a North Carolina shellfish lease supported seasonally persistent Table 5 for results of 2-way ANOVAs) macroalgal and epifaunal growth equal, on average, to about 55% of the biomass of seagrasses, macroalgae, and attached epibiota in a nearby natural seagrass habitat (Fig. 2) . Because the seagrasses themselves represented almost all of the biomass that we measured in the seagrass habitat and because about half of Zostera marina and Halodule wrightii biomass is below-ground (Duarte & Chiscano 1999) , the emergent biomass of epibiotic habitat on the aquaculture netting must have been very similar to that of the natural seagrass bed. The netting itself can also provide structural refuge habitat for fish and invertebrates, which is not included in our biomass figures. Prior to establishment of aquaculture operations, the initial habitat type on the shellfish leases was largely unvegetated sandflat. Because epibiota is nearly absent from sandflats, occurring attached to occasional large shells, installation of bottom mesh served to enhance emergent structural habitat at the lease sites. In our study, the biomass density of epibiota on the aquaculture netting was on average 20 times greater than on the natural sandflat habitat nearby (Fig. 2) . The season of greatest epibiotic biomass on the aquaculture netting was spring (April), when biomass of seagrasses, macroalgae, and epibiota in the seagrass habitat was least (Fig. 2) , matching a general pattern of seasonal availability of seagrass habitat in North Carolina (Fonseca et al. 1990 ). Thus, the new habitat provided indirectly by the aquaculture operation may have special significance by seasonally augmenting potentially limited nursery habitat for species like pinfish and spot that recruit heavily to vegetated habitats in winter and spring (Levin et al. 1997 , Ross 2003 . Year-round, emergent epibiotic habitat on aquaculture netting may also partially compensate for anthropogenic losses of seagrass habitat (Orth & Moore 1983) .
Although quantification of biogenic structure may predict nursery habitat potential, comparisons of invertebrate and fish densities and community composition among habitat types directly quantify comparative habitat use (Heck et al. 2003) . Seining demonstrated that enhancement of habitat structure by epibiotic growth on aquaculture netting installed in place of an unvegetated sandflat indeed resulted in substantially increased utilization by mobile invertebrates and juvenile fishes (Fig. 3) . Compared to the sandflat, the seagrass habitat experienced 75 times as much use by mobile invertebrates and 3 times as much use by juvenile fish per unit area. The epibiotic habitat growing on aquaculture bottom netting provided much of this same effect, with a 42 (fenced lease) to 46 (open lease) -fold enhancement of mobile invertebrates and a 3 (fenced lease) to 7 (open lease)-fold enhancement of juvenile fishes (Fig. 3) . Clearly, the provision of structured habitat in general had greater impact on mobile invertebrates as a group than on juvenile fishes, perhaps because without refuges mobile invertebrates experience higher risk of predation as a consequence of less mobility, smaller sizes, and (for decapod crustaceans) vulnerability during molting. The fenced lease enhanced fish utilization less than the open lease, probably because the fence, which was intended to exclude cownose rays, did indeed inhibit access by some fish. The mobile invertebrates, in contrast, exhibited a similar numerical response to both the fenced and open leases, probably because these invertebrates are not as mobile as fish and may migrate less among habitats. Community composition on leases was similar to that in the natural seagrass habitat and quite different from that over the sandflat habitat (Fig. 4) , as expected from previous comparisons of faunal assemblages between vegetated habitats and unstructured bottom (e.g. Sogard & Able 1991 , Guidetti 2000 , Heck et al. 2003 .
Responses to availability of emergent biogenic habitat varied with taxonomic/functional assemblage of mobile invertebrates and juvenile fishes. Most of the organisms sampled were 'transients' (comprising 6 assemblages: pinfish, fished invertebrates, sciaenids, reef fishes, pelagic fishes, and benthic transients), defined as those taxa whose juvenile and adult habitats do not entirely overlap and thus those for whom the juvenile habitat may be most appropriately characterized as a nursery (Heck et al. 2003) . Only members of 2 species assemblages (unexploited invertebrates and benthic resident fish) are generally considered permanent residents of seagrass. Individuals of these 2 assemblages were found almost exclusively in the 3 structured habitats (> 99% for unexploited invertebrates and > 98% for benthic resident fish). This pattern is likely to reflect a strong settlement preference for structured habitats, driven by selection to minimize predation by continuing to inhabit the structured canopy (Heck & Thoman 1981 , Summerson & Peterson 1984 . Of the 6 transient species assemblages, juvenile pinfish was the most common. The pinfish was treated as a separate assemblage because it comprised 59% of all fish sampled and because omnivorous foraging behavior (Weinstein et al. 1982 , Luzcovich 1988 ) distinguishes it from members of other assemblages. Pinfish demonstrated a high affinity for vegetated habitats (as in Levin et al. 1997 ) during both day and night (Tables 4 & 5) . This pattern may reflect a joint effect of greater availability of plant and phytal invertebrate foods and greater protection from predators in vegetated habitats.
The component species of 3 assemblages, fished invertebrates, sciaenids, and reef fishes, have particular importance to commercial and recreational fisheries. Each of these assemblages exhibited relatively high utilization of lease habitats. Given the declines of several natural biogenically structured fish habitats in estuaries (e.g. seagrass beds, Dennison et al. 1993 ; saltmarshes and oyster reefs, Rothschild et al. 1994 , Lenihan & Peterson 1998 , the biogenic-structured habitats of clam leases provide substitute nurseries that, if widespread enough, could make important contributions to sustaining these exploited populations. Blue crab populations have declined in recent years and are of such high value to fisheries that management to enhance their spawning stock and recruitment is urgently needed (Lipcius & Stockhausen 2002) . Reef fishes (gray snapper, gag grouper, mahogany snapper, tautog, and black seabass), whose stocks are depleted and/or are of management concern, utilized the lease habitats as intensely as the seagrass and none of the 69 individuals sampled came from the sandflat habitat. Reef fish in temperate estuaries are transients, typically recruiting in summer to inshore seagrasses, completing their early juvenile stages there and then migrating to offshore reef habitats in late fall (Levin & Hay 2003) . To the degree that provision of additional nursery habitat for these reef fishes enhances survival directly by reducing losses to predators (Hixon 1998) or indirectly by promoting faster fish growth (Peterson et al. 2003) , clam aquaculture operations may contribute an important benefit to these depleted stocks.
The remaining 2 transient assemblages, pelagic and benthic transient fishes, displayed no consistent relationship with structured habitat by either day or night (Tables 4 & 5) . This lack of response to structured bottom habitats is understandable given that the atherinid (silversides) and engraulid (anchovies) fishes that dominated the pelagics occupy and feed from the water column rather than the bottom. Benthic transients (largely flatfish) did not show strong habitat preferences. Many flatfish are habitat generalists that can utilize a variety of habitat types within an estuarine landscape. Structured, vegetated habitats would not be expected to facilitate their habit of burying under a thin veneer of sand.
By seining during both day and night, we were able to assess how patterns of habitat use changed on a diel basis and test whether the similarity of use among biogenically structured habitats was robust to the daynight changes. As expected from previous evidence that predatory demersal fishes and blue crabs preferentially use protective cover of darkness to occupy and forage in unstructured sandflats (Summerson & Peterson 1984) , the sandflat habitat in our study exhibited much greater day-night community dissimilarity than any of the 3 structured habitat types (Fig. 4) . The diel change in community composition on the sandflat habitat was driven largely by sciaenids, which doubled in nocturnal density on sandflats, and pinfish, which increased 4-fold, while changing only slightly in the 3 biogenically structured habitats. As might be anticipated from diel changes in mobile seagrass-associated invertebrates (e.g. Summerson & Peterson 1984) , fished invertebrates, mostly blue crabs and penaid shrimps, also contributed by increasing in nocturnal density by 30-fold on sandflats but only by 4-to 7-fold in vegetated habitats. Despite this evidence of proportionately greater nocturnal use of unstructured sandflat habitat by some taxa, the patterns of affinity for biogenically structured habitat remained largely constant from day (Table 4 ) to night (Table 5 ). Even though high turbidity at all sampling seasons except winter implies that differential net avoidance is unlikely to have greatly biased even our daytime estimates of relative use of structured habitat, our focus on nocturnal sampling results confirms the robustness of patterns of preferential use of both natural seagrass and also biogenically structured lease habitats.
The results of our sampling and assessments of habitat use of algae-occupied clam aquaculture netting provide information that is needed to conduct a balanced evaluation of the impacts of bivalve aquaculture. Recent highly publicized reviews (Goldburg & Triplett 1997 , Naylor et al. 2000 have emphasized the negative impacts of aquaculture. Here we have shown that algal and epibiotic growth on the bottom mesh used in bivalve aquaculture (as practiced in North Carolina and elsewhere) can enhance the nursery habitat for the many species that preferentially associate with seagrass habitat, at least as juveniles. This previously undocumented benefit of bivalve aquaculture can increase the production and probably abundance of many forage species and fished species of mobile invertebrates and fish. Our demonstration is consistent with and adds to a broader recognition that artificial hard substrata in the marine environment that become occupied by epibiota serve effectively as a fish habitat. These include plastic seagrass mimics (Bell et al. 1985) , rock jetties (Hay & Sutherland 1988) , artificial reefs and oil-drilling platforms (Love et al. 2005) . In the wake of dramatic declines in all biogenically structured estuarine nursery habitats, including seagrass meadows (Orth & Moore 1983 , Dennison et al. 1993 ), salt marshes, and oyster reefs (Rothschild et al. 1994 , Lenihan & Peterson 1998 , augmentation of usable habitat may help relax current bottlenecks in the early lifehistory survival of fish and invertebrates that support marine fisheries.
Thus, consideration of environmental consequences of bivalve aquaculture operations should add this nursery habitat benefit to the water quality benefits already identified (Goldburg & Triplett 1997 , Naylor et al. 2000 , Jackson et al. 2001 , Newell 2004 . For example, around the margins of a large hard clam aqua-culture operation in Virginia, seagrass has increased substantially over the years of culturing clams (M. Pearson, Cherrystone Inc., pers. comm.), probably because of the clams' ability to reduce turbidity through filtration and thereby provide sufficient light for nearby seagrass growth. There are indeed environmental problems associated with poorly conceived bivalve aquaculture operations, but cautious and prudent management can reduce those risks (Folke & Kautsky 1989) . Juvenile shellfish used in aquaculture should be derived from gametes of locally collected parents and should include sufficient numbers of both sexes to minimize modification of genotypic composition and avoid reducing genetic diversity of wild stocks. Stocking densities should be controlled and varied as a function of flow regime to avoid organic overloading of the estuarine seafloor and consequent mortality of benthic organisms (Folke & Kautsky 1989 ). Care should be taken that the mesh used to protect benthic shellfish from predation lies sufficiently flat on the bottom to avoid acting as a gill net and causing unintended mortality of small fishes. If such environmental concerns are satisfied, aquaculture of bivalve molluscs could provide important ecosystem services and public benefits that, once quantified, may be sufficient to regard such aquaculture as a means of mitigating for water quality degradation and loss of biogenically structured nursery habitats.
